We report experimental observation of a signature of phase-coherent Andreev reflection. In highly transmissive, superconducting contacts to the high mobility two-dimensional electron gas in GaAs/Al x Ga 1Ϫx As heterostructures, a sharp conductance dip is found around zero bias voltage, which is ascribed to an enhancement of weak localization by Andreev reflection. This phenomenon is suppressed not only by increased temperature, a small magnetic field, or a large bias current, but also by applying a large negative voltage to a nearby gate. This behavior is in agreement with recent theoretical predictions. ͓S0163-1829͑98͒05731-2͔
Interference effects in normal metals or semiconductors will be influenced dramatically if a superconductor is brought into the vicinity. Due to Andreev reflection, 1 an electron can be retroreflected as a hole at the normal metalsuperconductor ͑NS͒ interface ͑and vice versa͒. In particular, within a distance of the phase coherence length l from the superconductor this will have large consequences for the electronic transport properties.
One of the earliest experimental observations of phasecoherent Andreev reflection was done a few years ago. 2 In the G-V curve of a Nb/In x Ga 1Ϫx As junction a sharp conductance peak was found around zero bias. This feature was described in terms of phase-coherent Andreev reflection. [3] [4] [5] Later, this phenomenon, now known as reflectionless tunneling, has also been observed in other materials. [6] [7] [8] [9] It was realized 4, 5 that other interference effects can be expected if mesoscopic systems are combined with superconductors. In this paper we will discuss the experimental observation of such a phenomenon: the enhancement of weak localization.
Semiconductors have the advantage above metals that the electron density can be modulated by means of gate structures. Especially in mesoscopic physics, nanostructures are often fabricated by means of fine gate patterns. 10 It is obviously a big advantage if this valuable experience in submicrometer technology can be used for the study of phasecoherent Andreev reflection. Therefore, we developed a process for making diffused superconducting contacts to the two-dimensional electron gas ͑2DEG͒ in GaAs/Al x Ga 1Ϫx As heterostructures.
11 Clear indications of Andreev reflection have been found in these contacts and the transmission of the NS interface turned out to be close to unity. 12 We used this process to make a sample with a quantum point contact between two 10-m-wide superconducting contacts at a mutual distance of Ϸ0.8 m ͑see the inset of Fig. 1͒ . The 2DEG has an electron density n e Ϸ2.4 ϫ10 15 m Ϫ2 and a mobility Ϸ110 m 2 /V s. This yields an elastic mean free path l e Ϸ9 m. The measurements are performed in a dilution refrigerator with a base temperature of Ϸ10 mK, using a current-biased lock-in technique.
Measurements of the conductance of this sample as a function of the voltage V g on the gates that form the quantum point contact have shown conductance quantization in steps larger than 2e 2 /h, 13 providing evidence for Andreev reflection. From the observation that the quantization unit is approximately 2.2e 2 /h instead of 4e 2 /h ͑which is expected for the ideal, clean case͒ we can make a rough estimation of the effective transmission probability of the sample. Under the assumption that the transmission T is mode independent, we find an effective value of 0.85, using the generalization of the Landauer-Büttiker formula for an NS junction
͑1͒
This effective transmission value is also consistent with an analogous estimation using the Landauer-Büttiker formula in the normal state. We think that the transmission is reduced due to disorder ͑induced by the diffusion process͒ near the NS interface and a nonunity transmission of the interface itself. Anyway, this argument shows that the transmission of an eventual barrier at the NS interface is larger than Ϸ0.85, which is clearly in the regime where enhanced weak localization effects can be expected, according to Ref. 5. In Fig. 1 the differential conductance of the sample is shown as a function of the bias voltage at zero gate voltage V g . Without magnetic field a broad minimum with a sharp dip is observed around zero bias voltage. A similar GϪV curve is also found for contacts that are 470 m apart, so this phenomenon must be related to separate NS interfaces and not to a coupled SNS system. If the magnetic field is increased, the whole feature vanishes at a value well below 60 mT.
The effect of increasing temperature can be seen in Fig. 2 : After a rapid rounding of the minimum the whole structure has disappeared at 4.2 K. Detailed inspection of the lowtemperature curve ͑without magnetic field͒ suggests that the minimum consists of two superimposed phenomenon. This suggestion is confirmed by measurements on a sample where the major part of the gates ͑black in the inset of Fig. 1͒ between the two small superconducting contacts does not function, but the current path still can be confined by the wider gates besides the small contacts ͑gray in the inset͒. The PHYSICAL REVIEW B 15 AUGUST 1998-II VOLUME 58, NUMBER 8 PRB 58 0163-1829/98/58͑8͒/4888͑4͒/$15.00 4888 © 1998 The American Physical Society conductance of this sample is presented in Fig. 3 . At T ϭ0.9 K only a broad minimum is observed, while at lower temperatures a sharp conductance dip is superimposed on this. This clearly shows the two constituents of the effect. In Fig. 2 we see that at Tϭ0.9 K the conductance minimum has become much more rounded than at lower temperatures, while the rest of the curve has barely changed, which is in accordance with the concept of two separate effects. The broad conductance minimum can be well described by Andreev reflection at a nonideal NS interface.
14 If the interface has a finite transmission, a reduction in the conductance is expected below the superconducting gap, due to the fact that Andreev reflection is a two-particle process, in contrast to electron tunneling, which is a one-particle process. The value of the temperature and magnetic field at which the minimum is suppressed are in reasonable agreement with the superconducting properties of tin (T c0 ϭ3.7 K and B c0 ϭ30 mT for bulk Sn͒. That the bias voltage at which the conductance reduction in our measurements starts is not exactly equal to twice the superconducting gap ⌬ of tin can be explained by a series resistance of Ϸ10 ⍀. Of course it is also possible that the superconducting properties have been changed by impurities or even alloys in the tin.
We attribute the small, sharp conductance dip to phasecoherent Andreev reflection. In a junction between a superconductor and a disordered normal material weak localization effects can be enhanced by Andreev reflection if the barrier at the NS interface is not too high. 4, 5 It is as if Andreev reflection effectively doubles the length of the disordered region. In contrast to conventional weak localization effects, this phenomenon changes the ͑low͒ V dependence of the conductance: Around zero bias the conductance will be reduced, but at larger bias voltages phase coherence between the electrons and Andreev-reflected holes is broken and the conductance approaches again its ''normal'' value. This is what we see in Figs. 2 and 3 ; The sharp dip is suppressed at a critical voltage V c Ϸ0.25 mV. Evidently, weak localization effects can be suppressed by a small magnetic field, since then time reversal symmetry is broken. This is also observed in the measurements ͑Figs. 1 and 4͒. The conductance first increases as a function of the magnetic field, because weak localization is suppressed, before it decreases due to the square magnetoresistance of the 2DEG. 15 This is in contrast to the monotonic behavior at elevated temperature. In G-V curves in magnetic fields it is noticed that at the same B value the small conductance dip has practically vanished.
Theoretically, 5 the critical magnetic field for the weak localization is given by 
͑3͒
is difficult since the Fermi velocity v F and the mean free path l e of the disordered region are not known. However, the experimentally found V c and T c should be related by eV c Ϸ4k B T c . From V c Ϸ0.25 mV we would expect T c Ϸ0.75 K. This is in agreement with the measurements. Moreover, the absolute depth of the conductance dip can be estimated theoretically. Indeed, the experimental observation for V g ϭ Ϫ400 mV, where the current path is confined within the 2DEG region between the two superconducting contacts ͑by the gray gates in the inset͒, has the right order of magnitude. Since both the length L and the width W of the relevant region are larger than l and there are two NS interfaces, a dip of order 2(W/l )(l /L) 2 ϫ0.5e 2 /hϷ6e 2 /h would be expected.
16 This is about three times as large as experimentally observed in Fig. 3 , but nonideality of the NS interfaces might easily account for this discrepancy.
17
The temperature dependence of the normalized differential conductance change is plotted in Fig. 5 . At low temperatures and without magnetic field applied the conductance is increasing with temperature. If the enhanced weak localization is suppressed, a very different dependence is observed; even the sign of the conductance change is opposite. As can be seen in the graph this suppression can be achieved by applying a small magnetic field or a large dc. 18 The most important observation, however, is the fact that the enhanced weak localization can also be suppressed by a large negative voltage on the nearby gates of the quantum point contact ͑black in the inset͒. This proves that phase coherence is preserved down to in the 2DEG since the electrical properties of metals ͑like the contacts themselves͒ cannot be affected by a voltage on the gates. This is also predicted by the estimation of l Ϸ0.4 m, which is much larger than the distance of the 2DEG from the surface (Ϸ85 nm͒ and, evidently, also follows from the observed conductance quantization in enhanced units. We think that the explanation for the suppression is the formation of a potential barrier in the quantum point contact. This lowers the total transmission of the sample, which is then not in the regime of enhanced weak localization anymore, but rather in the regime of reflectionless tunneling. 5 Indeed, we have observed a maximum in the G-V curve at zero bias for V g ϭϪ890 mV, instead of the minimum found for V g ϭ0 mV.
In summary, we have presented the experimental observation of the enhancement of weak localization by Andreev reflection. In correspondence with theoretical predictions, the effect is suppressed by increasing temperature, a small magnetic field, or a large dc. Moreover, the enhancement vanishes when a large negative voltage is applied to the nearby quantum point contact gates. This proves that phase coherence between Andreev-reflected particles exists in the 2DEG. 
